Novel chondroitin sulfate (CS) chains with an average molecular mass of 79.6 kDa were purified from squid liver integument. A compositional analysis of the CS chains using chondroitinases (CSases) ABC and AC-I revealed a range of variably sulfated disaccharides with GlcA1-3GalNAc(6-O-sulfate),
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Introduction
Glycosaminoglycans (GAGs), typically linked to a protein core forming proteoglycans at the cell surface or in the extracellular matrix, are a family of linear, polydisperse polysaccharides, which participate in a number of physiological phenomena including neuronal development, cell-matrix interactions, and activation of chemokines, enzymes and growth factors. 1, 2 The ability of GAGs to regulate these processes is attributed to their complex structure, which arises from extensive modifications of a nonsulfated precursor consisting of hexosamine and either hexuronic acid or galactose residues that are arranged in an alternating linear sequence by modifying enzymes such as sulfotransferases and epimerases. 3 Heparan sulfate (HS) has attracted much attention because of its involvement in developmental processes and various signaling pathways. 4 Although chondroitin sulfate (CS) has attracted little attention, recent advances in the structural biology of CS chains suggest the importance of these molecules in various biological processes. 5, 6 We and others have shown the importance of this class of molecules, from simple chondroitin involved in the cell division of a nematode 7, 8 to differentially oversulfated CS-D and CS-E involved in neuroregulatory functions [9] [10] [11] and the binding of growth factors in mammalian systems. 12 CS has been isolated from various tissues obtained from a large number of animal species including both vertebrates and invertebrates. [13] [14] [15] [16] [17] [18] [19] Even though the structural organization of CS from the tissues of several vertebrates has been studied extensively, 18, 20, 21 the assessment of CS from the tissues of invertebrate organisms is rather limited. The main purpose of studies of CS chains from invertebrate tissues is to compare the chemical structure of CS chains from invertebrate tissues with the well-known CS chains that occur in vertebrate tissues, and to gain a deeper understanding of their structure with physicochemical and biological properties.
As a part of our continued exploration for sources of CS unique in structure and with therapeutic potential, in this study, we isolated CS chains with novel structural features and multiple biological activities from the integument of squid liver, an industrial waste with a good candidate to be exploited for pharmaceutical purposes.
Results

Preparation of the CS Fraction from Squid Liver Integument (SLI)
GAGs were extracted from SLI by protease digestion, and recovered by ethanol precipitation. This preparation was further fractionated by anion-exchange chromatography using an Accell TM Plus QMA cartridge, which was eluted stepwise with buffers containing 0.15, 0.5, and 2.0 M NaCl. Only trace amounts of CS/dermatan sulfate (DS) were detected in the fractions eluted with a buffer containing 0.15 M NaCl.
Twelve and 56% of all GAGs were detected in the fractions eluted with buffers containing 0.5 and 2.0 M NaCl, respectively. The 0.5 M NaCl-eluted fraction lacked E-units (GlcA1-3GalNAc(4S,6S)), whereas the 2.0 M NaCl-eluted fraction was rich in E-units (21.6%) and further purified. Since the 2.0 M NaCl-eluted fraction showed trace amounts of HS disaccharides upon high performance liquid chromatography (HPLC) after digestion with heparitinase (data not shown), it was purified further by nitrous acid treatment 22, 23 to remove HS. Subsequently, this preparation was subjected to alkali treatment to prepare peptide-free glycan chains, 24 and passed through a C 18 cartridge to remove peptides (the final yield was 0.12% of the starting material). No significant amount of DS or keratan sulfate was found by anion-exchange HPLC in the digests of the SLI-CS preparations obtained with chondroitinase (CSase) B and keratanase-II, respectively (data not shown).
Determination of the Molecular Mass of SLI-CS
The molecular size of the purified SLI-CS was determined by gel filtration HPLC (Figure 1 ), using the calibration curve generated with standard polysaccharides.
The elution profile of SLI-CS showed a broad peak with a molecular mass ranging from 37 to 122 kDa, giving an average molecular mass of 79.6 kDa. Notably, the molecular mass of SLI-CS was larger than that of the CS chains derived from squid skin (40 kDa). 25 In contrast, squid cartilage CS-E was larger than SLI-CS and eluted in the void volume of the Superdex 200 TM column (Figure 1 ), indicating that CS populations from various squid tissues may differ in structure and function.
Analysis of the Disaccharide Composition of SLI-CS
To determine its disaccharide composition, the SLI-CS preparation was digested with CSase ABC, labeled with a fluorophore 2-aminobenzamide (2AB) for high sensitivity and resolution, and analyzed by anion-exchange HPLC. The analysis of SLI-CS revealed a unique composition consisting of monosaccharides (mono-and di-sulfated GalNAc) and disaccharides with a diverse sulfation pattern as shown in Figure 2 and Table 1 . SLI-CS was enriched with disulfated disaccharide ΔE (Δ 4, 5 HexAα1-3GalNAc(4S,6S)) (see "Footnote"), accounting for 21.6% of all its disaccharides, and contained significant proportions of monosulfated disaccharides of ΔC (Δ 4, 5 HexAα1-3GalNAc(6S)) (14.9%) and of ΔA (Δ 4, 5 HexAα1-3GalNAc(4S)) (41.8%). Its sulfate/disaccharide unit (S/unit) ratio was 1.18 (Table 1 ).
In addition, SLI-CS had small yet appreciable proportions of GalNAc(4S), GalNAc(6S) and GalNAc(4S,6S), indicating the presence of GlcA(3S)-containing disaccharides as revealed in our recent studies, where we identified mono-and disulfated GalNAc as stable end products of the degradation of GlcA(3S)-containing disaccharides by CSase ABC. Based on the FACE analysis (Figure 3 ), the ratio of ΔO to GalNAc(6S) was found to be 1 : 1.2, which corresponded to 6.3% ΔO and 7.6%
GalNAc(6S) among the 13.9% disaccharide (Table 1 ). Since mono-or disulfated GalNAc residues have been reported as non-reducing terminal modifications in CS chains, 28, 29 the possibility exists that the released mono-and disulfated GalNAc residues were derived from the non-reducing termini due to the action of CSase ABC.
However, it was not the case. Based on the average molecular mass of SLI-CS chains (79.6 kDa), they consist of approximately 170 disaccharide units, and the proportion of the non-reducing termini is calculated to be only 0.6% of the total disaccharides, which was far below the proportion of the monosaccharides (15.4%) generated by digestion with CSase ABC. Therefore, to confirm that these mono-and disulfated GalNAc units were derived from GlcA(3S)-containing disaccharides, SLI-CS was subjected to digestion with CSase AC-II, which cannot act on the N-acetylgalactosaminidic linkages to GlcA(3S) 26 but can release the non-reducing terminal monosaccharides. 29 However, the CSase AC-II digest of SLI-CS gave no significant peaks at the positions where mono-and disulfated GalNAc residues were eluted upon anion-exchange HPLC (data not shown). Thus, a unique composition was revealed for SLI-CS with considerable proportions of GlcA(3S)-containing
Neurite Outgrowth-promoting (NOP) Activity of the SLI-CS Preparation
To evaluate the biological activity of the purified SLI-CS preparation, NOP activity was tested by using embryonic day 16 (E16) mouse hippocampal neuronal cells. Control cells (cultured on cover slips coated with poly-DL-ornithine (P-ORN) alone) showed no significant promotion of neurite outgrowth ( Figure 4A ). The SLI-CS preparation exhibited neuritogenic activity that was principally axonic in nature in terms of cell morphology ( Figure 4B ), and was weaker than that shown by a positive control (CS-E) ( Figure 4C ). The lower NOP activity level of SLI-CS compared to
CS-E may reflect the higher proportion of E-unit [GlcA1-3GalNAc(4S,6S)] in CS-E (66.7%) in comparison to SLI-CS (21.6%), since both preparations comprise approximately 10% GlcA(3S)-containing disaccharides. Furthermore, the NOP activity was completely abolished upon digestion with CSase ABC or AC-I ( Figure   4D ), suggesting that the neuritogenic activity was attributable to the CS polysaccharides not to a contaminant in the preparation.
Specific Interactions of SLI-CS with Various Heparin (Hep)-binding Growth Factors
Signaling by Hep-binding growth factors is involved in the NOP activity of CS chains.
30,31
Hence, we analyzed the molecular interactions of SLI-CS with various
Hep-binding growth factors expressed in the brain during embryonic development using a BIAcore system. The purified SLI-CS preparation was biotinylated and immobilized on the streptavidin-precoated sensor chip. To determine the association and dissociation rate constants (k a , k d ) as well as the dissociation equilibrium constants (K d ), a kinetic analysis was carried out. Various growth factors (Table 2) (Table 2 ). In contrast, VEGF 165 and HB-EGF showed weaker affinity for SLI-CS as reflected in the K d values listed in Table 2 . The different characteristics of the kinetics of the binding between SLI-CS chains and various
Hep-binding growth factors suggest possible distinct roles for CS chains in the regulation of growth factor signaling.
Discussion
In this study, CS purified from SLI was structurally and functionally characterized. Squid tissues have been shown to contain CS chains with considerable variation in molecular mass and degree of sulfation. 15, [32] [33] [34] [35] [36] [37] Chondroitin and oversulfated CS chains with an average molecular mass (M r ) of 80 and 40 kDa, respectively, were isolated from squid skin. 32, 36 Oversulfated CS with a M r of 72.5
kDa and a small amount of low sulfated CS were isolated from squid cornea, 35 while oversulfated CS-E with a M r of 300 kDa was isolated from squid cartilage. 33, 34 On the other hand, SLI-CS reported here, which has a M r of 79.6 kDa and S/unit ratio of although the amount of oversulfated disaccharide differs between CS-E rich in E-units (66%) and SLI-CS, where E-units account only for 21.6% of disaccharides. This implies that NOP activity is dependent on the domain-related structure rather than the content of oversulfated disaccharide and that neuritogenic activity is dependent on not only the charge density but also the sequential arrangement of the disaccharide units.
Although the molecular mechanism behind the actions of CS chains in neuritogenesis is not well understood, the neuroregulatory effects of these chains may be attributable at least in part to their binding with growth factors and the regulation of their signaling. 5, 39 Supporting this hypothesis, we demonstrated earlier the involvement of PTN and HGF/SF in the NOP activity of CS/DS hybrid chains isolated from embryonic pig brain and shark liver.
30,31
The growth factors examined in the present study including PTN, MK, FGF-2, FGF-18, HGF/SF, VEGF 165 , and HB-EGF, are broadly expressed in the brain and implicated in its development. [40] [41] [42] [43] [44] The high affinity of SLI-CS particularly for PTN, MK, HGF/SF, FGF-2, and FGF-18
suggests that at least one of these growth factors is recruited by SLI-CS to mediate its NOP activities. The K d values of SLI-CS (Table 2) were of the highest quality available.
Extraction and Purification of CS from SLI
An acetone powder of SLI was used for the extraction of GAGs essentially as which were desalted using a PD-10 column (GE Healthcare, Tokyo, Japan) followed by a Sep-Pak C 18 cartridge (Waters) to remove peptides.
Enzyme Digestion and Fluorophore Labeling
Digestion with CSase ABC was carried out using 1 g of GAG and 5 mIU of temperature, vacuum-dried, and derivatized with 2AB as described. 48 The products were used for the structural analysis.
HPLC
The analysis of monosaccharides/unsaturated CS disaccharides was carried out by HPLC on an amine-bound silica PA-03 column (YMC Co., Kyoto, Japan) under isocratic conditions with 16 mM of NaH 2 PO 4 for the first 20 min followed by a linear gradient from 16 to 798 mM NaH 2 PO 4 over 70 min at a flow rate of 1.0 ml/min at room temperature as detailed previously. 26 Elution was monitored using a RF-10A
XL fluorometric detector (Shimadzu Co., Kyoto, Japan) with excitation and emission wavelengths of 330 and 420 nm, respectively.
Determination of Molecular Mass
To determine the molecular mass of SLI-CS, an aliquot (10 μg as GlcA) of SLI-CS or squid cartilage CS-E was chromatographed by gel filtration on a Superdex TM 200 column (10 × 300 mm, GE Healthcare, Uppsala, Sweden), which had been calibrated using a series of size-defined commercial polysaccharides. 49 The sample was eluted with 0.2 M ammonium bicarbonate at a flow rate of 0.3 ml/min for 90 min. Fractions were collected at 3-min intervals, freeze-dried, and dissolved in 50 μl of water. An aliquot was utilized for estimating the total amount of GAGs using DMMB according to the method of Chandrasekhar et al., 50 except that the absorbance was measured at 525 nm.
Surface Plasmon Resonance Analysis
The interaction of various growth factors with SLI-CS was examined using a BIAcore 2000 system (Biacore life sciences, Tokyo, Japan). The SLI-CS preparation was biotinylated using biotin-LC-hydrazide and 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide hydrochloride as described 
NOP Assays
Cultures of mouse hippocampal neurons were established from E16 animals as described.
52,53
Briefly, 2 µg/well of the SLI-CS and CS-E preparations were individually coated onto cover slips precoated with P-ORN (Sigma) at 4 °C overnight.
To investigate the structural characteristics of SLI-CS responsible for the neuritogenic activity, an aliquot (10 µg as GAG) was digested with 10 mIU of CSase ABC or AC-I, and a 2-µg aliquot of each digest was coated onto the cover slips precoated with P-ORN. Control experiments were carried out using heat-inactivated enzymes. The hippocampal neuronal cells freshly isolated from E16 mouse embryos were suspended in Eagle's minimum essential medium containing supplements described previously. 18, 53 Subsequently, the cells were seeded on cover slips at a density of 20,000 cells/cm 2 and allowed to grow in a humidified atmosphere for 24 h at 37 °C, 5% CO 2 . Thereafter, the cells were fixed using 4% (w/v) paraformaldehyde for 30 min at room temperature and the neurites were visualized by immunochemical staining using anti-microtubule-associated protein-2 (Lieco technologies Inc, St.
Louis) and anti-neurofilament (Sigma) as described previously. 53 The antibodies were then detected using a Vectastain ABC kit (Vector Laboratories Inc., Burlingame, CA) with 3, 3'-diaminobenzidine as a chromogen. The stained cells on each cover slip were scanned and digitalized with a x20 objective lens on an optical microscope (BX51, Olympus, Tokyo, Japan) equipped with a digital camera (FX380, FLOVEL Co. Ltd., Tokyo, Japan). One hundred cells were chosen at random to determine the length of the longest neurite using morphological analysis software (FLOVEL Filing System, FLOVEL Co. Ltd., Japan). At least three independent experiments per parameter or condition were carried out.
FACE
To separate and examine the ratio of GalNAc(6S) and ΔO in the SLI-CS preparation, a FACE analysis 27 was carried out using MONO composition gels and companion buffers (Glyko, San Leandro, CA) as per the manufacturer's instructions.
SLI-CS was digested with CSase ABC and the digest was subjected to gel filtration chromatography on a Superdex peptide TM column (10 x 300 mm, GE Healthcare, Uppsala, Sweden) using 0.2 M NH 4 HCO 3 as an eluent at a flow rate of 0.4 ml/min.
Elution was monitored using a UV detector (Shimadzu Co.) at 232 nm. A fraction containing both mono-sulfated GalNAc and ΔO was collected, repeatedly freeze-dried, and derivatized with a flurophore AMAC (Molecular Probes, Eugene, OR) as described previously.
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The AMAC-labeled sample was freeze-dried and resuspended in a loading buffer. The electrophoresis was carried out at 30 mA for about 100 min.
The gels were washed with distilled water and imaged using a LAS-4000 Image
Reader (FUJIFILM, Tokyo, Japan) with excitation and emission wavelengths of 488 and 520 nm, respectively, and the ratio of GalNAc(6S) to ΔO was determined. Thus, the proportion (mol%) of ΔDi-0S and GalNAc(6S) was calculated to be 6.3 and 7.6%, respectively, among the 13.9%. 
